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Recent advances in high-resolution multibeam bathymetric imaging have revealed step-
like structures interpreted as cyclic steps, or sediment waves, along the bottom of deep-sea 
canyons and channel levees. These bed features are formed by turbidity currents, and in turn, 
influence the flow characteristics of the density currents and their sediment transport behavior, 
thus affecting sedimentation in the oceans. To explore the interaction between density currents 
and stepped topographies, a series of depth-resolved numerical experiments with a lock-
exchange setup were conducted using k-epsilon, two-dimensional and three-dimensional Large 
Eddy Simulation (LES) models. 
The results of the present study clearly indicate that compared with a constant slope bed, 
vertical steps, or “stair-case” shaped bed topographies significantly decrease the overall dense 
fluid transport efficiency, cause a much more rapid loss of dense fluid at the density current 
head, and preferentially trap dense fluid at the leeside of steps, thereby decelerating the current 
front at the late stage of flow evolution. Density underflow over a series of steps with smooth 
downward-concave geometries behaves largely similarly to the flow over a constant slope bed. 
To a much lesser degree, an increase in step size causes an effect similar to imposing a vertical 
step bed. While simulations with the three-dimensional LES numerical model most accurately 
represent the flow behavior, the k-e model represents vortex generation poorly and the two-
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CHAPTER 1: INTRODUCTION 
1.1 DENSITY CURRENTS AND THEIR OCCURANCE IN NATURE 
In a classic lock-exchange experiment (Figure 1.1), when a body of slightly denser fluid 
is in contact with a body of less dense fluid (or ambient fluid) as the lock-gate is removed, a 
horizontal, forward motion will be created where the dense fluid flows underneath the ambient 
fluid. This flow is driven by gravity acting on the small density difference between the fluids and 
is, accordingly, termed a density, or gravity, current. 
Density currents, as a general type of flow caused by density differences between two 
fluids, occur in various environments. Examples of natural density currents include sea breezes 
that are colder and heavier than the air above the land, air mixed with suspended sand in the form 
of sandstorms, and the downslope motion of rock debris, snow avalanches, or sediment-laden 
water. Some density currents are even man-made, such as buoyant flows caused by industrially 
released gases and pollutants. 
Density currents can be divided into two broad types: 1) compositionally-driven currents, 
in which case the density difference results from dissolved composites, such as salinity; and 2) 
particle-laden currents, where suspended sediment cause the density difference. For 
compositionally-driven currents, the amount of dense fluid is conserved; whereas for particle-
laden currents, the amount of dense fluid may increase as sediment from the bed is eroded and 
entrained into the currents, or decrease as sediment in the currents is deposited into the bed. 
Despite this difference in flow mechanics, the two types of flow have most of their 
characteristics in common. For this reason, compositionally-driven currents, due their simplicity 
in mechanics and performing experiments, are frequently applied in laboratory experiments and 
numerical models to provide insights on particle-laden currents. 
1.2 CYCLIC STEPS – A DISTINCT FEATURE IN THE DEEP SEA 
Turbidity currents, which belong to the category of particle-driven density currents where 
density differences are provided by suspended sediment, frequently occur in submarine settings. 




canyons, with depths up to kilometers, and the transport of sediment thousands of kilometers into 
deep ocean basins. These submarine canyons act as the upstream conduit for many turbidity 
currents. 
One feature of particular interest, as revealed by bathymetric imaging and frequently 
found along the beds of submarine canyons and channel levees (Nakajima & Satoh, 2001; Paull 
et al., 2010; Zhong et al., 2015) are termed ‘cyclic steps’, which consist of a series of steps that 
crudely resemble the shape of a staircase (Figure 1.2). Cyclic steps are upper flow regime 
bedforms bounded by internal hydraulic jumps, characterized by a transition of densimetric 
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reduced gravitational acceleration, ρ1 and ρ0 are densities of the heavier and ambient fluids, 
respectively, and g is gravitational acceleration. 
Typically, cyclic steps form in environments with maximum densimetric Froude numbers 
about 1.6 or higher, which is higher than the maximum Frd that corresponds to antidunes, which 
is about 1-2 (Cartigny et al., 2011). Each of these cyclic steps possesses a wavelength of around 
hundreds to thousands of meters and a wave-height of around ten to a hundred meters (Covault et 
al., 2017; Cartigny et al., 2011). 
Despite the knowledge of the size and shape of the cyclic steps, due to the sparsity of 
direct monitoring and the lack of direct comparison, how cyclic steps affect the behavior of 
density currents compared with a smooth slope bedform remains unclear. Yet, this question is a 
very important one to answer since the behavior of density currents determines how much and 





1.3 PREVIOUS EXPERIMENTAL STUDIES OF DENSITY UNDERFLOWS 
Although field observations of landforms on the seafloor and in-situ monitoring of 
turbidity currents that generate them have provided key information to uncover the flow behavior 
(Best et al., 2005), much is left unknown due to the difficulty in interpreting sedimentary 
structures, and the limited data available from direct monitoring, owing to the destructive nature 
of many turbidity currents and their sporadic nature. To resolve this problem and gain insights 
into the mechanics of the flow, many investigators have performed experiments in the laboratory 
to simulate and monitor the evolution of turbidity currents, or their simpler cousins – 
compositionally-driven density currents.  
Among these experiments, lock-exchange experiments (Figure 1.1) are the classic 
configuration to study surge-type turbidity currents. In such experiments, a body of heavier fluid 
(containing dissolved solute or laden with suspended sediment) with a fixed volume is initially 
confined behind a lock gate at the upstream end of the experimental flume, and thus is initially 
kept separate from the lighter ambient fluid (usually pure water). After the lock is released, the 
dense fluid, driven by gravity, slumps downward and propagates downstream, creating a density 
current that travel along the bottom of the experimental flume. During its travel, the density 
underflow can be divided into a dense, fast moving head and a less dense, slower moving tail. 
Mixing at the interface between the density current and the ambient fluid occurs most intensely 
at the head, manifested as Kelvin-Holmholtz billows (Figure 1.3) (Benjamin, 1968; Huppert & 
Simpson, 1980). 
Another experimental setup has also been used to study a different type of density 
underflows – sustained or continuous density currents. In this case, turbidity currents are 
generated by continuously injecting water with dissolved solutes or well mixed suspended 
sediments, into the water-filled flume (Figure 1.4).  
While both types of experiment have provided insights into the mechanics of density 
currents and how they interact with beds, few have been dedicated to flow over a washboard-like 
topography similar to that observed along the beds of submarine canyons. Two studies of 
particular relevance were conducted by Sequeiros et al. (2009b) and Spinewine et al. (2009), 




sediment waves associated with them. While documenting the evolution of bedforms, these 
studies were the first to identify unambiguously two types of sediment waves: a) upstream 
migrating cyclic steps at the upstream region of the flume and b) downstream migrating 
antidunes at the downstream region of the flume. This confirms the roles of a) internal hydraulic 
jumps and b) upper flow regime with high maximum densimetric Froude number Frd in the 
formation of cyclic steps.  
1.4 PREVIOUS NUMERICAL SIMULATIONS OF DENSITY UNDERFLOWS 
1.4.1 Comparison amongst numerical models 
Numerical study of density currents has been flourishing over the past 40 years. Among 
these studies, the numerical models range from three-dimensional (3-D) direct numerical 
simulation (DNS), to depth-resolved two-dimensional (2-D) DNS, 3- or 2-D large eddy 
simulation (LES) and 2-D models that are based on Reynolds-Averaged Navier-Stokes (RANS) 
equations, to depth-averaged one-dimensional (1-D) sediment transport models. DNS, while 
resolving the effect of turbulence to its finest scale and thus yielding the highest accuracy in 
representing flow behavior, is computationally most expensive, making it impractical to be 
applied to large-scale flows or flows with high Reynolds numbers (Re, often characterized by 
buoyancy Reynolds number, Reb (Kyrousi et al., 2017) and the square root of the Grashof 
number, √𝐺𝑟 (Ooi et al, 2009) for lock-exchange setup). 
𝑅𝑒𝑏 = √𝐺𝑟 =
𝑢𝑏ℎ0
𝜈
                                               (1.2) 
where the buoyancy velocity is 
𝑢𝑏 = √𝑔′ℎ0                                                    (1.3) 
Here h0 is the lock height, and ν is the kinematic viscosity of the fluid. 
At relatively high Re (𝑅𝑒𝑏 = √𝐺𝑟 > ~10000), LES, while being capable of resolving 
large and moderate scale eddies that are dynamically important, requires at least one order of 
magnitude less dense a computational mesh than would be appropriate for DNS (Ooi et al., 
2009). This is achieved by employing a non-dissipative dynamic Smagorinsky subgrid scale 




computationally most expensive. The eddy viscosity is dynamically computed (Smagorinsky, 
1963; Lilly, 1992) without introducing an additional term of dissipation that adds dissipation to 
the resolved scales of the numerical model. However, compared with fully resolved DNS, LES 
could still contain a small amount of inaccuracy resulting from the use of empirical parameters in 
the SGS computation (Lilly, 1966; Piomelli et al. 1988). 
At an even lower level of resolution where only large scale eddies are resolved, RANS 
models solve time and/or spatially averaged momentum equations and achieve turbulence 
closure by computing viscosity resulting from unresolved eddies based on turbulent kinetic 
energy and its dissipation, as in the k-epsilon (k-e) model. This approach typically requires even 
less computational power but at the expense of relying more on empirical relations, which could 
lead to greater inaccuracy. 
Compared with 3-D simulations, 2-D simulations without an introduced dissipation factor 
(e.g. RANS), although computationally much cheaper, have been shown to represent flow 
dynamics inappropriately even for a purely 2-D setup (e.g. a flume with equal width everywhere 
in the spanwise direction). It has been demonstrated that under a lock-exchange setup, eddy 
dissipation is unphysically weak in 2-D simulations, due to the absence of vortex-stretching and 
self-induced velocity (Daly & Pratch, 1968; Mitchell & Hovermale, 1977; Crook & Miller, 1985; 
Haase & Smith, 1989; Straka et al., 1993; Pacheco et al., 2000; Bombardelli et al., 2009). This 
will lead to a reduced front velocity for the density current and exaggerated eddies in the current 
tail in the later stage of current evolution (after the front travels ~ 8-10 lock lengths) 
(Bombardelli et al., 2009; Necker et al., 2002; Cantero et al., 2003). 
Although computationally expensive, 3-D and 2-D simulations at appropriate resolutions 
offer detailed information on fluid density and flow velocity for the whole time and space 
domain through which the current evolves, which is rather unobtainable by direct measurement 
in the laboratory. However, these simulations require too much computational power to simulate 
flow behavior at a field scale (i.e. length ~ kilometers). For that, a depth-averaged, 1-D approach 
is needed. A classic example is the layer-averaged “four-equation” model first proposed by 
Parker et al. (1986). In this model, conservation equations for water mass, flow momentum, 




bedload transport. This approach, while making it possible to simulate large-scale and long-time 
evolution of bed and water surface elevation, fails to capture the detailed flow structure and 
requires empirical relationships to an even greater extent. 
1.4.2 Numerical simulations pertaining to the present study 
Of particular interest to the present study are the simulations by Kostic & Parker (2006) 
and Bombardelli et al. (2009). Kostic & Parker (2006) used a 1-D layer-averaged “four-
equation” model to simulate the evolution of cyclic steps and the change of density current – 
ambient fluid interface in response to a continuous turbidity current from the inlet over an 
erodible bed, for a total distance of 6 km downstream of the channel inlet and a total time of 480 
h. Their study successfully reproduced the evolution of two upstream-migrating cyclic steps in 
response to an initial slope break, under a condition of net bed aggradation (Figure 1.5), and 
clearly pointed out the intimate relationship between hydraulic jumps and the evolution of cyclic 
steps. 
Numerical experiments by Bombardelli et al. (2009) employed a lock-exchange setup in 
which the evolution of saline density currents down a constant slope were simulated using both 
2-D and 3-D numerical setups. There, similar to DNS, a viscous model was used in which no 
specific model of turbulence (e.g. LES, k-e) was applied. However, the grid resolution used in 
the viscous model was much coarser than required for DNS. In their study, compared with the 3-
D model, the 2-D model with the same grid size reproduced exaggerated and high-rising eddies 
in the current tail approaching the late stage of flow evolution (40s-50s, Figure 1.6). This result 
clearly pointed out the problem of poor eddy dissipation of their 2-D model. 
1.5 RESEARCH GOALS 
Previous numerical studies, such as Kostic & Parker (2006) and Bombardelli et al. 
(2009), did not present detail of depth-resolved flow structures, or investigate the effect of steps 
on the flow evolution. In this study, the problem is generalized by applying a depth-resolved 
numerical simulation of a density current over a series of steps. The present study aims to 




1) Cyclic steps with different step sizes and shapes have been observed in nature. How 
does step topography, with different size and shape, affect the behavior of surge-type density 
underflows? 
2) What can be inferred from the flow behavior of density underflows to shed light on the 
evolution of cyclic steps? 
3) What are the pros and cons of numerical models with different turbulence models 
(LES vs. k-e) and dimensionalities (2-D vs. 3-D) different numerical models for simulating 
density underflows over steps? This will provide more knowledge in finding the least 






Figure 1.1: Schematic of a classic lock-exchange experiment. Dense fluid of a fixed volume is 
initially confined behind the lock-gate. After the lock-gate is released, the dense fluid slumps to 




Figure 1.2: Multibeam bathymetric map showing cyclic steps along the submarine canyons AA’, 
South China Sea (119°E, 22°N). (a) The complete bathymetric map in the study area, SW 
Taiwan; (b) a zoom-in view of (a) in the area outlined by red solid line; (c) the depth profile of 





Figure 1.3: Experimental surge-type turbidity current driven by crushed coal moving along the 




Figure 1.4: Continuous turbidity currents generated by continuously injecting sediment-water 
mixture. Experiments were conducted at the University of Illinois Ven Te Chow Hydrosystems 





Figure 1.5: The temporal evolution of bed elevation and density current – ambient fluid interface 
in the numerical simulation of Kostic & Parker (2006). The simulation applied a “four-equation” 
model with a continuous inflow turbidity current from the inlet and an erodible bed. The study 
showed how an initial slope break evolves into two upstream migrating cyclic steps. Here, 
‘interface’ is the interface between density current and the ambient fluid, ‘final bed’ is the bed 





Figure 1.6: The temporal evolution of volumetric concentration of the dense fluid, which was 
initially confined behind the lock-gate, in the numerical simulation of Bombardelli et al. (2009). 
Images correspond to time from 0 to 50s after the release of the lock-gate, with a 10s interval. 
Black-gray colors indicate concentrations close to zero; whereas white colors denote high 
concentrations. A viscous model was used with a 2-D scheme, i.e. only one grid cell in the 
spanwise direction. The figure shows that toward the late stage of flow evolution (at 40s and 
50s), exaggerated eddies appeared in the current tail; some eddies rose so high as to approach the 




CHAPTER 2: METHODS 
Numerical experiments were conducted using the commercial computational fluid 
dynamics (CFD) software FLOW-3D® (Sicilian et al., 1987; Flow Science, 2016) to simulate the 
evolution of lock-exchange density currents down a fixed slope, with and without idealized 
topographic steps. Simulations using a constant slope geometry and a coarse mesh were first 
conducted to reproduce and compare with previous simulations by Bombardelli et al. (2009) who 
used the same CFD scheme. Then, with a different domain geometry and finer resolution, a total 
of 21 numerical runs were conducted to simulate the behavior of density currents over a series of 
steps with different sizes and shapes, using a two-dimensional k-epsilon model (k-e), a two-
dimensional large eddy simulation model (2dLES), and a three-dimensional large eddy 
simulation model with limited grids in the spanwise direction (3dLES). 
2.1 NUMERICAL SOLVER, GOVERNING EQUATIONS AND SETTINGS 
In the present study, all runs are performed using FLOW-3D®, a CFD platform that 
solves the momentum (Navier-Stokes) and mass continuity equations in three-dimension using a 
volume-of-fluid (VOF) method (Hirt and Nichols, 1981). This platform has been widely used in 
recent hydraulic and/or engineering applications (Kermanpur et al., 2008; Ozmen-Cagatay & 
Kocaman, 2011; Rodriguez et al., 2004; Kocaman et al., 2010), due to its ability to represent 
complex fluid interfaces without having to redesign numerical meshes that fit the solid 
boundaries. In FLOW-3D®, with the FAVORTM (Fractional Area/Volume Obstacle 
Representation) method as a key component of the VOF mothod, rectangular grid cells at the 
solid boundary can be partially blocked and rendered as a fractional volume open to flow (VF) 
and a fractional area open to flow in the streamwise (x), spanwise (y), and vertical (z) directions 
(Ai) (Hirt and Sicilian, 1985; Flow Science, 2016). This ensures that, in the present study, all 
numerical runs over different bed geometries could be performed using the exact same numerical 
mesh. 
For incompressible, viscous flow, the FAVOR mass continuity and momentum (Navier-































(𝐴𝑗𝑆𝑖𝑗)]                                      (2.3) 






)                                      (2.4) 
Here i, j = 1, 2 ,3, corresponds to streamwise/x, spanwise/y, and vertical/z directions; u and x are 
velocity [m/s] and distance [m]; p is pressure [kg/(m・s2)]. 
For two perfectly miscible fluids (fluid 1, fluid 2) that are identical except for their 
densities (ρ1, ρ2), the overall fluid density (ρ) and the volume fractions of the two fluids (F1, F2) 
are governed by the density evaluation equation and convective transport equation: 
𝜌 = 𝐹1𝜌1 + 𝐹2𝜌2                                                   (2.5) 
𝐹2 = 1 − 𝐹1                                                       (2.6) 








= 0                                           (2.7) 
(Rodriguez et al., 2004) 
For each direction i = x, y, or z, bed shear stress τb,i at the solid boundary is evaluated 
according to the flow velocity 𝑢𝑖 at the first cell normal to the solid boundary by iteration until 
u+ and y+ fit the curve of the viscous sub-layer, turbulent ‘log-law’ region, or outer layer (Figure 

















                                                  (2.10) 
Here yi is the normal distance from wall in the i direction. 
For all simulations in the present study, a Cartesian coordinate is used in which x 
corresponds to the streamwise direction that is positive downstream, z corresponds to the vertical 
direction (positive upward), and y corresponds to the spanwise direction (positive to left as 
looking downflow). The momentum advection and advective transport equations are solved with 
second order accuracy in both space and time. 
In the above equations, the following parameter values are used for gravitational 
acceleration gi, kinematic viscosity ν, and initial densities of the ambient and dense fluid ρ0 and 
ρ1:  
𝑔𝑖 = (0,0, 𝑔) 
where 𝑔 = 9.81 𝑚/𝑠2, 
𝜈 = 1 ∗ 10−6 𝑚2/𝑠 
which corresponds to the kinematic viscosity of water at 20 ℃, and 
𝜌0 = 1000 𝑘𝑔/𝑚
3 
𝜌1 = 1007 𝑘𝑔/𝑚
3 
corresponds to the density of pure water at ambient conditions and an appropriate value of 
sediment-laden water density that drives turbidity currents in the modeled deep sea. 
2.2 TURBULENCE MODELS 
In FLOW-3D®, turbulence models are used to compute the kinematic turbulent viscosity 




For the Large Eddy Simulation (LES) model, the turbulent length scale L equals the grid 
length in x, y and z directions (Smagorinsky, 1963; Kyrousi et al., 2017): 
                                                                  𝐿 = 𝛥𝑥 = 𝛥𝑦 = 𝛥𝑧  
The LES kinematic turbulent viscosity 𝜈𝑇 is then computed by: 
𝜈𝑇 = (𝑐𝐿)
2√2𝑒𝑖𝑗𝑒𝑖𝑗                                          (2.11) 
where 𝑐 is a constant having a typical value in the range of 0.1 to 0.2 and eij is the fluid strain 










)                                                  (2.12) 
For the k-e model, the momentum equations are the Reynolds-averaged Navier-Stokes 
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    (2.15) 
where, 
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Here cε1, cε2, αk, αε, and cµ are constants, with cε1 = 1.44, cε2 = 1.92, and cµ = 0.09, whereas αk and 
αε are of order 1 (Harlow & Nakayama, 1967; Flow Science, 2016; Rodriguez et al., 2004). 
2.3 DOMAIN SETUP 
To simulate the evolution of surge-type density currents in a confined channel/canyon 
with uniform width, a purely 2-D setting (i.e. only one grid cell in spanwise direction; Cases a) – 
k-e, Cases b) – 2dLES) and a 3-D setting with 10 grid cells in the spanwise direction (Cases c) – 
3dLES) were employed. Following Bombardelli et al. (2009), all numerical runs in the present 
study used a lock-exchange setup with dense fluid (𝜌1 = 1007 𝑘𝑔/𝑚
3) initially confined in the 
upstream lock region, and then evolved and mixed with the ambient fluid (𝜌0 = 1000 𝑘𝑔/𝑚
3) 
as it flowed down a fixed slope. All numerical runs in the present study used uniform, cubic 
grids and boundary conditions as follows: 
Upstream (xmin): no-slip (u1 = u3 = 0) 
Downstream (xmax): symmetry (zero-gradient at the boundary, zero velocity normal to the 
boundary) 
Front (ymin): symmetry 
Back (ymax): symmetry 
Bottom (xmin): no-slip (ui = 0) 
Top (zmin): symmetry 
Bed / Solid Boundary: no-slip 
Two sets of numerical experiments were performed. The first set (Cases 0 a-c, Table 2.1) 
employed a similar numerical domain to that of Bombardelli et al. (2009), which was a 
numerical reproduction of flume experiments conducted by García (1990). The numerical 
domain of the present study is identical to that of Bombardelli et al. (2009) (Figure 2.2), except it 
possesses a slightly shorter downstream region, and uniform, cubic grids as opposed to irregular 
grids. The domain consists of a lock region 0.36m in width and 0.35m in height, and a 




using k-e, 2D-LES, and 3D-LES models (Table 2.1) to compare with the numerical results of 
Bombardelli et al. (2009), where no turbulence model was used (𝜈𝑇 ≡ 0). 
Table 2.1. Cases 0 a-c.  
 
The second set of runs (Cases 1-7 a-c) consists of simulations with different step sizes 
(‘small’, ‘medium’, and ‘large’) and shapes (‘vsteps’ abbrev. for vertical steps, ‘ssteps’ abbrev. 
for smooth steps), and a control case with a constant slope (‘slope’) (Table 2.2). For these sets of 
runs, all cases have a lock region 0.4m in length (lock length x0 = 0.4m) and 0.5m in height (lock 
height h0 = 0.5m), yielding a buoyancy Reynolds number 𝑅𝑒𝑏 ≈ 92649, and downstream region 
with a fixed slope of 0.1, made up by either a constant slope or step geometries (Figure 2.3). 
For cases with steps (Figure 2.4), in each case all steps have the same size and shape and 
a wavelength to wave-height ratio of 1:10, which equals the value of the slope. The bed of the 
downstream slope region is made up by placing identical steps, with every downstream step one 
wave-height below its adjacent upstream step. All vertical steps have a staircase geometry, 
consisting of two horizontal planes each 0.5 wavelength in length streamwise, with the upstream 
plane one wave-height above the downstream plane. Two planes constituting each vertical step 
are connected at the break point (i.e. center of step), by a vertical plane one wave-height in 
length. All smooth steps are composed of an arc that starts with a gradient of zero and extends 
downward streamwise for half a wavelength and a wave-height vertically, connected by a 
horizontal plane half a wavelength in length streamwise. Small, medium, and large steps each 
have wavelengths equal to once, twice, and three times the lock length, respectively. The 




its distance downstream from the upstream end of the step divided by the wavelength of the step. 
The break point (the point of slope break) is accordingly defined as 𝑥𝑠𝑡𝑒𝑝 = 0.5, i.e. the center 
of each step. For all bed geometries, bed elevation is identical everywhere in the spanwise 
direction. 












Figure 2.2: Numerical domain for Cases 0 a-c and Bombardelli et al. (2009). 
 
 





Figure 2.4: Schematic of vertical (top left) and smooth (bottom left) step geometries, and an 
illustration of how complete bed geometries are made up by the successive placing of vertical 
(top right) and smooth (bottom right) steps. Dashed green line at the left figures marks the 
position of the break point at each step. Boxes marked by solid black line in the figures to the 




CHAPTER 3: RESULTS 
In this chapter, a comparison will first be made between the simulations of Bombardelli 
et al. (2009), and the preliminary runs (Cases 0a-c) of the present study using a similar constant 
slope setup. Then, the full results of the formal runs of the present study using the 3dLES model 
(Cases 1-7c) will be presented. Analyses will be made with different step sizes and shapes to 
study the temporal evolution of density current front position, the temporal evolution of density 
fluid weight center, the streamwise evolution of dense fluid retained in the density current head, 
preferential dense fluid retention by the steps near the bed, shear stress of the bed, and flow 
vorticity near the bed. Further, a comparison of results obtained with different numerical models 
(k-e, 2dLES, and 3dLES) on the aforementioned parameters will be presented, where the 
robustness of these numerical models will be assessed. 
3.1 NON-DIMENSIONALIZATION 
In order to permit fuller quantitative analysis and plotting of results, non-
dimensionalization of several parameters are defined as follows: 
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Non-dimensionalization of vorticity 𝑣𝑜𝑟𝑡: 
𝑣𝑜𝑟𝑡′ = 𝑣𝑜𝑟𝑡・𝑡0                                             (3.5) 






, and u and w are flow velocities in x and z directions, 
respectively. 
3.2 FLOW OVER A CONSTANT SLOPE BEDFORM 
3.2.1 Comparison with previous research 
For the constant slope cases, a comparison was made between the results obtained in the 
numerical simulation of Bombardelli et al. (2009), and the results of the present study for Cases 
0a-c (preliminary runs), using a similar domain setup. Bombardelli et al. (2009) applied no 
specific model of turbulence, and provided a decent reproduction of the temporal evolution of 
the density current front of the experiment by Garcia (1990). The numerical models employed 
for Case 0a, 0b, 0c of the present study are k-e, 2dLES, and 3dLES (Section 1.4), respectively. In 
the present study, the streamwise current front position x at each time step is defined as the 
maximum streamwise position (maximum 𝑥 value) where 𝜌＞1000.1 𝑘𝑔/𝑚3. It should be noted 
that Bombardelli et al. (2009) demonstrated that grid resolution (coarse vs. fine) make little 
difference in the travel of the density current front. Therefore, although the present study used 
cubic grids, as required for the LES model, whereas Bombardelli et al. (2009) used irregular 
grids, it should make little difference in the following discussion of the evolution of the current 
front with time. 
The results are summarized in a dimensionless current front – time plot (Figure 3.1), 
showing that for all models the evolution of the current front has a very small deviation (<3%) 
between the present results and that of Bombardelli et al. (2009), when the current front is within 
eight lock lengths from the upstream end of the domain (front x’<8). As far as ten lock lengths 
downstream (x’=10), little divergence is found for the front positions of Cases 0a and 0c and that 
of Bombardelli et al. (2009), whereas Case 0b lags about half a lock length behind. This verifies 
the validity of the present numerical models, and shows that the 3dLES and k-e models are more 




3.2.2 Flow over the constant slope case: analysis of results in the present study 
In this section and section 3.3.2, results will be presented based on Cases 1-7c, in which 
the 3dLES numerical model is used, which is supposedly the most accurate numerical model 
applied in the present study (Section 1.4). 
For constant slope Case 1c, the temporal evolution of fluid density from the start of run, 
when the lock-gate was released, to 60s is plotted in Figure 3.2. It can be seen that from the start 
of run to 10s, the initially confined dense fluid gradually sinks to the bottom of the domain open 
to flow and travels downstream, and starts forming a dense head and a dispersive tail. From 10s 
to 50s, before the density current head reaches the downstream domain boundary, the current 
front travels at a nearly constant speed, which is similar to that observed in Cases 0a-c (Figure 
3.1). It can be seen that within this time period, the body of dense fluid can be clearly divided 
into a coherent head and a dispersive tail. The head is composed of a nose at its front and a 
coherent body of dense fluid behind it. The densest fluid is always found at the bottom of the 
head, whereas at the top of head – the interface of the density current and the ambient fluid – 
vortices and Kelvin-Helmholtz billows are developing, indicating intense mixing between the 
density current and the ambient fluid. As the current moves downstream, the head gradually 
loses dense fluid, becoming less dense and smaller in size, and transferring the dense fluid to the 
tail; this process is manifested as an increasingly longer and more dispersive tail.  
3.3 COMPARISION OF FLOW OVER DIFFERENT BED GEOMETRIES 
3.3.1 Overview 
For Cases 1-7c, comprising beds of constant slope, three step sizes (small, medium, 
large), and two step shapes (vertical and smooth), the temporal evolution of fluid density is 
summarized in Figure 3.3. Until 20s (Figure 3.3), the current fronts are at about the same 
streamwise position for all cases, showing that they traveled initially at the same velocity for all 
step geometries. However, from 20s to the end of the run, the current fronts start to diverge, with 
the fronts for cases with vertical steps lagging behind the smooth step cases and the constant 
slope case. Among cases with vertical steps, the density current fronts show a greater lag in 




the vertical step geometries retain less dense fluid than cases with other bed geometries, 
manifested as being overall less dense and having an overall smaller and less coherent size, 
compared with smooth step and constant slope cases. This is again most significant for the case 
of large vertical steps. 
A flow separation cell is also observed when the current heads pass over the break points 
of the vertical steps (e.g. Figure 3.3, Cases 2-4c at t = 10s). Interestingly, after the head passes by 
a step, dense fluid in the current tail is preferentially trapped in the leeside of the steps for the 
vertical step cases. This likely explains why the head loses dense fluid more rapidly, causing the 
front to decelerate more for vertical step cases, as compared with other cases. 
3.3.2 Travel of the current front 
The time evolution of current fronts are summarized in Figure 3.5 as dimensionless front 
x – time plots, for all formal runs with 3dLES. As shown in the figure, before reaching the 
downstream end of the numerical domain (front x’ = 13), all cases with smooth steps largely 
converge to the constant slope case, with deviation of front x’ less than 0.2 lock lengths at front 
x’ = 12, demonstrating that their front travels at approximately the same speed. However, for 
vertical step cases, their travel speed diverges noticeably from the constant slope case in the 
latter stage of flow evolution (t’ >14, x’> 8). 
The front positions of Case 3c – mediumvsteps and Case 4c – largevsteps start to diverge 
and lag behind the constant slope case at around 8 lock lengths downstream of the upstream end 
of the domain (x’ = 8). These two cases start to diverge from each other at around 9 lock lengths 
(x’ = 9), with the large vertical step case lagging behind the medium vertical steps case from then 
on. Near 10 lock lengths downstream (x’ ≈ 9), the front of Case 2c – smallvsteps starts to lag 
behind the constant slope case. From the time when they start to diverge until the end of run, the 
current front travels slower or lags farther behind with increasing step size, for all vertical step 
cases. By 12 lock lengths (x’ = 12), the front of the large, medium and small vertical step cases 





3.3.3 Dense fluid transport and retention 
In order to further explore the mechanisms for the deceleration of the current front for 
beds with vertical steps, a hypothesis is proposed here suggesting that steps would trap dense 
fluid in their leeside and reduce the overall transport capacity of dense fluid. The consequence of 
this is to reduce the amount of dense fluid that feeds back into the head as it decelerates while 
propagating downstream and mixing with the ambient fluid. As a result, the current front 
velocity will be decreased due to the reduction of the driving force of the density current – i.e. 
the amount of dense fluid retained in the current head. 
To test this hypothesis, an assessment of the overall dense fluid transport was made by 
analyzing the travel of the dense fluid weight center with time. The streamwise dense fluid 
weight center is defined as the integration of the volume fraction of the dense fluid, c, times the 
streamwise position of the grid cell, x, over the whole domain, divided by the integral of the 







                                         (3.6) 
The result is summarized as a plot of the dimensionless streamwise dense fluid weight 
center vs. time (Figure 3.6). The plot shows an earlier, and much more apparent, divergence 
between the vertical step cases and other cases, as compared with the dimensionless front x – 
time plot (Figure 3.5). In this plot, all lines can be divided into two groups comprising vertical 
step cases and all other cases. At a dimensionless time of about 10, which corresponds to the 
front position of about 6 lock lengths (x’ ≈ 6; well before any apparent divergence occurs in the 
current front plot), the vertical step group starts to lag behind the other group. Thereafter, two 
groups diverge even further with time (~17% by the time when the front x’ = 12 for the slope 
case). Cases within each group largely follow the same trend, with large step cases lagging 
slightly (~ 3% or less) behind all other cases in their groups and the constant slope case slightly 
(~ 3% or less) leads other smooth step cases. 
The amount of dense fluid retained in the current head is further analyzed using the 
dimensionless parameter UCHT’ – the percentage of dense fluid retained in the density current 




discharge of the volumetric concentration of the dense fluid at a given streamwise position at a 
given time, and UCHT’ – the total amount of dense fluid retained the density current head at a 
given streamwise position – are introduced to define 𝑈𝐶𝐻𝑇’ as follows: 
𝑈𝐶𝐻 = ∫ 𝑢 𝑐 𝑑𝑧
𝐻
                                              (3.7) 
𝑈𝐶𝐻𝑇 = ∫ 𝑈𝐶𝐻 𝑑𝑡
𝑇




                                                 (3.9) 
where 𝑈𝐶𝐻 is defined as the integral of streamwise velocity 𝑢 times volume fraction of 
the dense fluid 𝑐 over the distance in the vertical direction integrated over all cells in the vertical 
direction (H) at a given streamwise position 𝑥 (Eq. 3.7). 𝑈𝐶𝐻𝑇 is defined as the integral of 𝑈𝐶𝐻 
over the time period over which the current head passes through (𝑇) (Eq. 3.8). 𝑇 is defined as the 
time from which the current front passes over the position 𝑥, until integrating a total time period 
of 10s (𝑇 ≡ 10𝑠). 𝑈𝐶𝐻𝑇 is then made dimensionless by dividing 𝑈𝐶𝐻𝑇 over the total area of the 
lock region (𝑥0 ℎ0) (Eq. 3.9), yielding the percentage of dense fluid retained in the head. 
The result is summarized as a 𝑈𝐶𝐻𝑇’ – 𝑥’ plot, showing the evolution of the percentage 
of dense fluid retained in the head with streamwise distance, i.e. as the current moves 
downstream (Figure 3.7). Again, all lines in this plot can be largely divided into two groups 
comprising the vertical step cases and all other cases, with 𝑈𝐶𝐻𝑇′ of the vertical step group 
dropping much more rapidly than the other group as the head travels downstream. As shown in 
this plot, the two groups diverge very early, at around 2 lock lengths (x’=2; probably due to the 
flat portion immediately downstream of the lock region for vertical step cases), but they only 
diverge significantly at around 6 lock lengths, which corresponds to the position of divergence of 
the weight center plot. By 10 lock lengths (x’ = 10), the dense fluid retained in the head for the 
vertical steps group (𝑈𝐶𝐻𝑇′ ~ 0.13-0.21) is only about half that of the other group (𝑈𝐶𝐻𝑇′ ~ 
0.3-0.4). 
Within the vertical step group, although the lines for the different step sizes may 
alternately lead or lag each other, the line for the large vertical step case lags that of the other two 




all the lines are to a large degree converging as opposed to alternating, with the large smooth 
steps case more often lagging slightly behind the other three cases. 
From the analyses above, it is obvious that compared with the constant slope case and 
smooth step cases, for cases with vertical steps the overall transport of dense fluid is much less 
efficient, and the head loses dense fluid much faster as it travels downstream. To a lesser extent, 
the same is true with larger step sizes.  
To further analyze this apparent difference in dense fluid transport behavior between the 
vertical and smooth step cases, an effort was made to assess the position where dense fluid is 
preferentially retained for different step geometries, after the head passes through. At each 
streamwise position x, data for the dense fluid volume fraction, 𝑐, at each vertical position is 
extracted and averaged over the time the density current tail passes through this point. Here, the 
time period of tail is defined as the time after the head passes through this point (time range of 
“head” (T) previously defined), until the end of run. The result is summarized as plots for time-
averaged dense fluid volume fraction, c, of the current tail, for the entire streamwise and vertical 
domain except the area that approaches the downstream domain boundary (Figure 3.8). 
While most of the dense fluid (Figure 3.8) is concentrated in the near-bed area for all step 
cases (“near-bed” is defined herein as within 0.12m above the bed, 0.12m is the wave height of 
the large step), dense fluid is preferentially retained in the leesides of the vertical steps. For 
smooth step cases, no such preference is observed. 
This apparent difference in where the dense fluid is retained is shown more clearly in a 
step-averaged plot (Figure 3.9), in which the time averaged dense fluid volume fraction, c, of the 
current tail obtained previously is averaged over the depth of near-bed region. This depth-
averaged data are then averaged over the data at the same streamwise position for a number of 
steps. For the small, medium, and large step cases, the number of steps being averaged are 10, 5, 
3, respectively, corresponding to x = 0 – 4m, 0 – 4m, and 0 – 3.6m. 
As shown in Figure 3.9, for the vertical step cases, dense fluid is preferentially retained in 
the leeside of the steps, immediately downstream of the break point (xstep = 0.5m), while for 




step-averaged near-bed c stays largely at the same level (c ~ 2) for areas except immediately 
downstream of the break point (xstep = 0.5m – 0.7m), although c is noticeably higher with 
increasing step sizes (~30% at maximum). For areas immediately downstream of the slope break, 
step-averaged near-bed c becomes significantly higher with increasing step size (smallvsteps: c 
max ~ 3.1, mediumvsteps: c max ~ 4.1, largevsteps: c max ~ 4.9). Amongst the smooth step 
cases (Figure 3.9 b), the magnitude of near-bed c largely converge and stay relatively constant (c 
~ 1.8), with that of the large smooth step case being slightly higher near the break point (c ~ 2). 
When comparing between the vertical and smooth step cases, for areas except the downstream 
region adjacent to the break point for the vertical step cases, step-averaged near-bed c stays 
largely at the same magnitude (c ~ 1.8-2), although it is noticeably higher for the vertical step 
cases (c ~ 2). For areas immediately downstream of the slope break for the vertical step cases, 
values of step-averaged near-bed c are significantly higher than at all other areas (~ 60%-150% 
higher, increasingly higher with increasing step size). Overall, the preferential retention of 
dense fluid adjacent to the break point for all vertical step cases is dependent on step size, 
while in other areas, for all step cases averaged concentration of the dense fluid at the tail 
stays largely at the same magnitude. 
It should be noted that there is a general trend that the time averaged c of the current tail 
(c tail) is higher in magnitude as it goes downstream, especially for the smooth step cases. This is 
because the more downstream it goes, the less amount of time c tail is averaged, and c tail is 
more predominantly averaged over the tail region close to the head. Therefore, because small and 
medium step cases are averaged over a longer streamwise area than that of the smooth step cases, 
it cannot be concluded directly from the fact that the line for Case 7c stays generally lower than 
Cases 5c, 6c (Figure 3.9 b), that large smooth steps retain less amount of dense fluid than small 
and medium smooth steps. In fact, compared to x = 0 – 3.6m, from x = 3.6m – 4.0m, where the 
data is excluded in Figure 3.9 for Case 7c but included for Cases 5c, 6c, c tail is shown to be 




3.3.4 Interaction of density currents with the bed 
To assess how the travel of density currents could possibly influence sediment transport 
on the bed with the step sizes and shapes used in the present study, two parameters – bed shear 
stress and near-bed vorticity – are analyzed in this section. 
Bed shear stress caused by shear between the high-velocity head of the density underflow 
and the no-slip condition imposed at the bed is first analyzed and plotted as dimensionless bed 
shear stress vs streamwise position (Figure 3.10), with each streamwise position x corresponding 
to the bed shear stress averaged over the time period when the current head passes this point, for 
all step cases (Cases 2-7c). 
For all vertical step cases, at each step, the bed shear stress of the current head drops from 
a relatively high value (𝜏𝑏
′  ~ 0.002-0.001) to near zero at the break point, which corresponds to 
the point of flow separation; Immediately downstream from the break point, the bed shear stress 
reaches its maximum value (𝜏𝑏
′  ~ 0.0027-0.001), where the flow reattaches to the bed. As the 
flows progress downstream, the overall bed shear stress and the maximum stress at the 
reattachment point both decrease by ~ 50% or more. For all smooth step cases, bed shear stress 
becomes lower near the break point. 
Step-averaged bed shear stress for the current head is plotted in Figure 3.11, which 
confirms the observations in Figure 3.10 of a drop in bed shear stress at the flow separation 
point, as well as a maximum value at the flow reattachment point for vertical step cases, and the 
trend towards lower bed shear stresses towards the break point for the smooth step cases. In 
addition, the maximum bed shear stress at the flow reattachment point becomes greater in 
magnitude with larger step sizes for the vertical step cases, while the decrease in shear stress is 
more rapid (in dimensionless distance xstep) with larger step sizes for the smooth step cases. 
Both Figure 3.28 and Figure 2.29 seem to suggest that the overall bed shear stress stays in a 
similar value range for all cases. 
The role of high vorticity in causing erosion and creating scour has been well-studied in 
headcut erosion around the flow separation-reattachment zone of waterfalls (Zhao, 2016; Bennett 




pothole creation in fluvial system (Zen & Prestegaard, 1994; Springer et al, 2006), and erosion 
around the bottom of bridge piers (Melville & Raudkivi, 1977; Graf & Istiarto, 2002). In the 
present study, therefore, flow vorticity is considered to be a possibly important indicator for 
evaluating the erosive potential of density underflows. 
Flow vorticity is plotted using a similar way as was done for the dense fluid volume 
fraction. At each streamwise position x, vorticity (vort) at each vertical position is extracted and 
averaged over the time the head passes through this point (time range of “head” (T) previously 
defined), until the end of run, yielding the domain contour plots of the time-averaged head 
vorticity (Figure 3.12). This time-averaged result is then averaged over the depth of near-bed 
region and over the data at the same streamwise position for a number of steps, yielding two 
step-averaged plots (Figure 3.13). For the small, medium, and large step cases, the number of 
steps being averaged are 10, 5, 3, respectively, corresponding to x = 0 – 4m, 0 – 4m, and 0 – 
3.6m. 
In the present study, three mechanisms are at work to generate vorticity at the current 
head: turbulent mixing with the ambient fluid, shear at the bed, and flow separation-reattachment 
associated with the steps. Vorticity associated with mixing with the ambient fluid, as shown in 
the domain contour plots (Figure 3.12), extends from the bed to as high as ~ 0.3m (dimensionless 
height ~ 0.75). Near-bed vorticities, however, mostly result from the secondary and the tertiary 
mechanisms. For both of the smooth step and vertical step cases, except for areas where flow 
separation-reattachment occurs (xstep = 0.5m – 0.8m for vertical step cases), near-bed vorticity 
stays at a relatively similar level (vort’ ~ 3-4). This suggests that for those areas where flow 
separation-reattachment is absent, shear at the bed creates vorticity at a similar magnitude. 
Immediately downstream of the break point for the vertical step cases, where flow separation-
reattachment occurs, overall vorticities reach more than twice the magnitude of other areas (vort’ 




3.4 COMPARISION OF RESULTS BETWEEN DIFFERENT NUMERICAL MODELS 
3.4.1 Overview 
To assess the strengths and weaknesses between the three numerical models used in the 
present study (k-e, 2dLES, and 3dLES) in simulating density underflows moving over constant 
slope and step geometries, a comparison was made for Cases 1a-c – slope, Cases 3a-c 
mediumvsteps, and Cases 6a-c mediumssteps. In this section, the results of the medium vertical 
and smooth step cases are presented to permit this comparison between the three numerical 
models. 
For the slope cases (Cases 1a-c), the runtime of the three numerical models – k-e, 2dLES, 
and 3dLES - has a ratio of about 2:1:11 (293mins: 135mins: 1,604mins). The k-e model, 
although requiring a much smaller mesh size to resolve eddies that would normally lead to a 
much smaller runtime, uses the exact same mesh as 2dLES in the present study, in order to 
achieve the same resolution of steps, especially in the vertical direction because the high 
wavelength to wave height ratio makes vertical resolution particularly challenging. 
As shown in the time evolution of fluid density plots (Figure 3.14, Figure 3.15, and 
Figure 3.16), until about 20s, very little difference is observed among different numerical 
models, with k-e cases being only slightly different from 2dLES and 3dLES cases. Thereafter, 
the differences start to become distinct. For both constant slope and medium smooth step cases, 
the current front travels at the same speed even with different numerical models. However, for 
the medium vertical step cases, at 50s, the front of 3dLES slightly lags that of k-e, but leads the 
front of the 2dLES results. 
It is also apparent that the head of the current for both the k-e and 3dLES cases maintains 
a more coherent shape than that of the 2dLES cases. This is most significant with the medium 
vertical step cases, where at 50s in the 2dLES case (Figure 3.15), a portion of dense fluid at the 
very front of the current is detached from the bed and rises upward, separating itself from the 
downstream flowing head, rather than remaining at the bottom of the current with the main body 




For the current tail, it appears that the tail is largest and most dispersive for the 2dLES 
cases, and is smallest for k-e cases, for all bed geometries. For the k-e cases, the tail is 
concentrated in the near-bed region, whereas for the 2dLES cases, many of the eddies in the tail 
rise high above the bed, sometimes approaching the top domain boundary. Compared with the 
tail that continuously dissipates and merges back into the near-bed tail body in the 3dLES cases, 
this phenomenon of poorly dissipated rising eddies in 2dLES is obviously unphysical. Overall, 
when compared with the most realistic 3dLES simulations, eddies in the tail are represented 
poorly in k-e simulations, and are unphysically strong in the 2dLES simulations, resulting in the 
overall tail being too near the bed or too far away from the bed, respectively. 
3.4.2 Travel of the current front 
Travel of the current front with time for the three groups of cases is plotted and 
summarized in Figure 3.17. The results of the three numerical models largely converge for the 
constant slope and medium smooth step cases for front x’ < 12, where the current front is not 
approaching the downstream domain boundary. For the medium vertical step cases, the plot 
shows no apparent divergence until after x’ = 10. After this point, the current front for the k-e 
case travels slightly faster than that of the 3dLES case, which in turn travels significantly faster 
than that of the 2dLES case. At the time when x’ = 12 with 3dLES, x’ ~ 11.2 with 2dLES, and x’ 
~ 12.2 with k-e. Overall, the three numerical models represent the travel of the current front in a 
similar manner, except for the vertical step cases. For the vertical step cases, the result of the k-e 
and 3dLES cases largely converge, leading that of 2dLES cases. 
3.4.3 Dense fluid transport 
The pattern of travel of the current weight center with time (Figure 3.18) shows that, for 
all bed geometries, the weight center plots begin to diverge at a late stage of current evolution 
with different numerical models, but again much earlier than the time when the current front 
starts to diverge. For all bed geometries, when divergence occurs for the different models, the 
weight center of the k-e results always travels faster than that of the 3dLES results, which in turn 
travels faster than that of the 2dLES results. The divergence between the k-e and 3dLES models 
appears much earlier (t’ ~ 15, front x’ ~ 9) than that between the 3dLES and 2dLES models (t’ ~ 




compared with the divergence with the constant slope bed geometry (~ 14% maximum), the 
divergence is much less significant with smooth steps bed geometries (~ 7% maximum), and 
more significant with vertical steps bed geometries (~ 20% maximum). Between 2dLES and 
3dLES models, the divergence is largely equal (~ 12% maximum) for all bed geometries. 
For all numerical models, the evolutions of the percentage of dense fluid retained in the 
head (UCHT’) as it progresses downstream are plotted in Figure 3.19. It shows that UCHT’ with 
different numerical models start to diverge from x’ = 6 and downstream. For the constant slope 
and vertical step cases, UCHT’ of the k-e model is almost always larger than the 2dLES and 
3dLES models. This divergence is much more significant for the vertical step cases, with UCHT’ 
of the 3dLES model being around 55% of UCHT’ of the k-e model at maximum divergence near 
the downstream boundary (x’ > 9), than the constant slope cases, with UCHT’(3dLES) ~ 70% 
UCHT’(k-e) at maximum divergence near the downstream boundary. The divergence between 
2dLES and 3dLES results appears at around x’ > 8.5, with UCHT’ of the 2dLES models being 
lower than the 3dLES models. This divergence is again more significant for cases with vertical 
steps, with UCHT’(2dLES) ~ 50% UCHT’(3dLES) at maximum divergence near the downstream 
boundary, than the constant slope cases, with UCHT’(2dLES) ~ 75% UCHT’(3dLES) at 
maximum divergence near the downstream boundary. For the smooth step cases, however, only 
small divergence was found between the k-e and 3dLES model results, with maximum 
divergence appearing at x’ ~ 9 with UCHT’(k-e) ~ 80% UCHT’(3dLES), while the 2dLES results 
only occasionally dropping below the results of other two models, with maximum divergence 
appears at x’ = 11 with UCHT’(2dLES) ~ 67% UCHT’(3dLES). 
Overall, in terms of dense fluid transport, the least divergence between model results is 
found for the smooth step cases whilst the greatest divergence is found between the vertical step 
cases, with the constant slope case results being in between these two. Compared with the 2dLES 
model, the k-e model seems to simulate the overall dense fluid transport poorly, diverging earlier 
and showing more significant divergence from the 3dLES results than the 2dLES model. 
3.4.4 Near-bed dense fluid retention and vorticity 
Step-averaged near-bed dense fluid retention with different numerical models is 




areas except immediately downstream of the break point for the vertically step cases, the step-
averaged near-bed c stays largely at a same magnitude; for areas immediately downstream of the 
break point for the vertical step cases, step-averaged near-bed c is significantly higher. For both 
vertical and smooth step cases, the results of the k-e model most often stay significantly higher 
(~ 10%-50%) than that of the other two models. The results of 2dLES and 3dLES are largely 
similar, although the 3dLES results are more often slightly greater for the vertical step cases, 
while the 2dLES data are more often slightly greater for the smooth step cases. For the vertical 
step cases, the difference is most significant in regions immediately downstream of the slope 
break, where maximum c in the k-e results is about 50% greater than that of the 3dLES, which is 
about 10% greater than that of the 2dLES; in other regions the deviation is generally less than 
20%. For the smooth step cases, although lines for different models are generally flat, when 
approaching the break point, interestingly, c becomes higher for the 2dLES and 3dLES cases but 
becomes lower for the k-e case. 
This clear difference in dense fluid retention between the results from different numerical 
models can be attributed to the difference in their representation of vorticity. The near-bed 
vorticity in the head obtained with the different models is summarized in Figure 3.21. It is 
apparent that both the k-e and 2dLES results follow the same trend as the 3dLES data, with the 
k-e values generally ~ 30% smaller than the other two models. Approaching the reattachment 
point for the vertical step cases, where vorticity reaches its maximum, the divergence is much 
less significant, with vorticity for the k-e model being only ~ 10% lower than that of the other 
two models. 
Overall, although the percentage of dense fluid in the current tail (1 - UCHT’) is highest 
for 2dLES cases and lowest for the k-e cases, in the near-bed region, a greater amount of fluid is 
retained for the k-e cases than the 2dLES and 3dLES cases. This discrepancy is attributed to the 
poor representation of vorticity in the k-e model due to mixing with the ambient fluid and shear 
at the bed, both of which would keep the dense fluid of the current tail away from the bed, 
leading to a lower near-bed dense fluid concentration. However, vorticity resulting from flow 
separation and reattachment seems to be appropriately represented by k-e simulations, leading to 
a more pronounced preferential retention of dense fluid immediately downstream of the point of 




3.4.5 Bed shear stress 
Bed shear stress distributions during passage of the current head for the medium vertical 
and smooth step cases with different numerical models are plotted in Figure 3.22 and Figure 
3.23, and summarized as step-averaged plots in Figure 3.24. For both vertical and smooth step 
plots, lines of different numerical models appear quite different as the current progresses 
downstream. In terms of the general trend, however, only the 2dLES line for the vertical step 
cases show a distinct difference from the results obtained with other models. Starting from the 
third step (x’ > 5), bed shear stress at the stoss side (i.e. upstream of the break point) of the steps 
becomes significantly smaller downstream for the 2dLES models as compared with k-e and 
3dLES models (Figure 3.22), resulting in a much smaller bed shear stress on the stoss side of the 
step in the step-averaged plot for the vertical step cases (Figure 3.24 a). This clear deviation 
probably results from unrealistic vertically rising eddies in the current front observed in Case 3b 






Figure 3.1: Dimensionless current front – time plot for Cases 0a-c of the present study and that 
of Bombardelli et al. (2009), using a viscous model. The line with 3dLES numerical model is 
extracted from data at the center grid cell in the spanwise direction. 
 
 
Figure 3.2: Time evolution of fluid density from the start of run, when the lock-gate is released, 
to 60s (from top to bottom), for Case 1c – slope 3dLES. All figures show the entire numerical 





Figure 3.3: Time evolution of fluid density from the start of run to 60s (from left to right), for 
Case 1c – slope 3dLES, Case 2c – smallvsteps 3dLES, Case 3c – mediumvsteps 3dLES, Case 4c 
– largevsteps 3dLES, Case 5c – smallssteps 3dLES, Case 6c – mediumssteps 3dLES and Case 7c 
– largessteps 3dLES (from bottom to top). All figures show the entire numerical domain in the 
vertical direction, at the center grid in the spanwise direction. Only the figures of the panels 
denoted “50s” and “60s” show the entire domain in the streamwise direction, whereas the other 
figures only show the upstream portions of the entire domain, depending on the position of the 












Figure 3.5: Dimensionless streamwise front position – time plots, showing the temporal 
evolution of the current front. (a) Plot for all cases with 3dLES. (b) A comparison amongst the 
constant slope case and vertical step cases with different step sizes. (c) A comparison amongst 
the slope case and smooth step cases with different step sizes. All lines are extracted from the 





Figure 3.6: Dimensionless streamwise weight center – time plot, showing the evolution of 
overall transport of dense fluid with time. (a) Plot for all cases with 3dLES. (b) A comparison 
amongst the slope case and vertical step cases with different step sizes. (c) A comparison 
amongst the slope case and smooth step cases with different step sizes. All lines are extracted 





Figure 3.7: 𝑈𝐶𝐻𝑇’ – 𝑥’ plot, showing evolution of the percentage of dense fluid retained in the 
head with streamwise distance, i.e. as the current moves downstream. (a) The plot for all cases 
with 3dLES. (b) A comparison amongst the constant slope case and vertical step cases with 
different step sizes. (c) A comparison amongst the constant slope case and smooth step cases 
with different step sizes. All lines are extracted from the data at the center grid cell in the 





Figure 3.8: Plots of dense fluid volume fraction 𝑐 averaged over the time after the head passes 
through, until the end of run, for all cases with steps. (a) Case 2c – smallvsteps 3dLES. (b) Case 
3c – mediumvsteps 3dLES. (c) Case 4c – largevsteps 3dLES. (d) Case 5c – smallssteps 3dLES. 
(e) Case 6c – mediumssteps 3dLES. (f) Case 7c – largessteps 3dLES. Plots were made over the 
entire domain in the vertical direction, the entire domain except the downstream end in 





Figure 3.9: Depth-averaged near-bed (η<=0.12m) dense fluid volume fraction (𝑐) of the current 
tail averaged over steps for cases with 3dLES. (a) Plot for all vertical step cases. (b) Plot for all 
smooth step cases. In these plots, dense fluid volume fraction at each streamwise position for the 
current tail is averaged over all grids at near-bed region vertically, then averaged over the data at 
the same streamwise position within each step (xstep), for a number of steps. For small, medium, 
and large step cases, the number of steps being averaged are 10, 5 and 3, respectively, 
corresponds to x of 0 – 4m, 0 – 4m, and 0 – 3.6m. All plots were made from the data at the 





Figure 3.10: Plots of streamwise distribution of dimensionless bed shear stress τb’ averaged over 
the time the current head passes through, for all step cases (Cases 2-7c). (a) Case 2c – 
smallvsteps 3dLES. (b) Case 3c – mediumvsteps 3dLES. (c) Case 4c – largevsteps 3dLES. (d) 
Case 5c – smallssteps 3dLES. (e) Case 6c – mediumssteps 3dLES. (f) Case 7c – largessteps 
3dLES. All plots were made from the data at the center grid in spanwise direction. The break 
points of the steps are highlighted in dashed green lines. 
 
 
Figure 3.11: Step-averaged dimensionless bed shear stress of the current head for cases with 
3dLES. (a) Plot for all vertical step cases. (b) Plot for all smooth step cases. In these plots, 
dimensionless shear stress is averaged over the same streamwise position within each step 
(xstep) for a number of steps. For the small, medium, and large step cases, the number of steps 
being averaged are 10, 5 and 3, respectively, corresponding to x of 0 – 4m, 0 – 4m, and 0 – 3.6m. 





Figure 3.12: Plots of vorticity (vort) averaged over the time during which the head passes 
through, until the end of run, for all cases with steps. (a) Case 2c – smallvsteps 3dLES. (b) Case 
3c – mediumvsteps 3dLES. (c) Case 4c – largevsteps 3dLES. (d) Case 5c – smallssteps 3dLES. 
(e) Case 6c – mediumssteps 3dLES. (f) Case 7c – largessteps 3dLES. Plots were made over the 
entire domain in the vertical direction, the entire domain except the downstream end in 





Figure 3.13: Depth-averaged near-bed (η<=0.12m) dimensionless head vorticity (vort’) averaged 
over steps for cases with 3dLES. (a) Plot for all vertical step cases. (b) Plot for all smooth step 
cases. In these plots, dimensionless vorticity at each streamwise position of the current head is 
averaged over all grids at near-bed region vertically, then averaged over the data at the same 
streamwise position within each step (xstep) for a number of steps. For small, medium, and large 
step cases, the number of steps being averaged are 10, 5, 3, respectively, corresponding to values 
of x of 0 – 4m, 0 – 4m, and 0 – 3.6m. All plots were made from the data at the center grid cell in 





Figure 3.14: Time evolution of fluid density from the 10s to 50s (from left to right), for Cases 1b 
– slope 2dLES, Case 1a – slope k-e, Case 1c – slope 3dLES, (from bottom to top). All figures 
show the entire numerical domain in the vertical direction, at the center grid cell in the spanwise 
direction. Only the figures of the panel denoted “50s” show the entire domain in the streamwise 
direction, whereas the other figures only show upstream portions of the entire domain, depending 





Figure 3.15: Time evolution of fluid density from 10s to 50s (from left to right), for Cases 3b – 
mediumvsteps 2dLES, Case 3a – mediumvsteps k-e, Case 3c – mediumvsteps 3dLES, (from 
bottom to top). All figures are showing the entire numerical domain in the vertical direction, at 
the center grid cell in the spanwise direction. Only the figures of the panel denoted “50s” show 
the entire domain in the streamwise direction, whereas the other figures only show upstream 





Figure 3.16: Time evolution of fluid density from 10s to 50s (from left to right), for Cases 6b – 
mediumssteps 2dLES, Case 6a – mediumvsteps k-e, Case 6c – mediumssteps 3dLES, (from 
bottom to top). All figures are showing the entire numerical domain in the vertical direction, at 
the center grid cell in the spanwise direction. Only the figures of the panels denoted “50s” show 
the entire domain in the streamwise direction, whereas other figures only show upstream portions 




Figure 3.17: Dimensionless streamwise front position – time plot, showing the time evolution of 
current front (from 0 to 60s). (a) Comparisons amongst three numerical models (k-e, 2dLES, and 
3dLES) for Cases 1a-c – slope. (b) Comparisons amongst three numerical models (k-e, 2dLES, 
and 3dLES) for Cases 3 – mediumvsteps. (c)  Comparisons amongst three numerical models (k-
e, 2dLES, and 3dLES) for Cases 6c – mediumssteps. All lines are extracted from the data at the 





Figure 3.18: Dimensionless streamwise weight center – time plot, showing the evolution of 
overall transport of dense fluid with time (from 0 to 60s). (a) Comparisons amongst three 
numerical models (k-e, 2dLES, and 3dLES) for Cases 1 – slope. (b) Comparisons amongst three 
numerical models (k-e, 2dLES, and 3dLES) for Cases 3 – mediumvsteps. (c)  Comparisons 
amongst three numerical models (k-e, 2dLES, and 3dLES) for Cases 6c – mediumssteps. All 






Figure 3.19: 𝑈𝐶𝐻𝑇’ – 𝑥’ plot, showing the evolution of the percentage of dense fluid retained in 
the head with streamwise distance. (a) Comparisons amongst three numerical models (k-e, 
2dLES, and 3dLES) for Cases 1 – slope. (b) Comparisons amongst three numerical models (k-e, 
2dLES, and 3dLES) for Cases 3 – mediumvsteps. (c)  Comparisons amongst three numerical 
models (k-e, 2dLES, and 3dLES) for Cases 6c – mediumssteps. All lines are extracted from the 





Figure 3.20: Depth-averaged near-bed (η<=0.12m) dense fluid volume fraction 𝑐 of current tail 
averaged over steps. (a) Comparisons amongst three numerical models (k-e, 2dLES, and 3dLES) 
for Cases 3 – mediumvsteps. (b)  Comparisons amongst three numerical models (k-e, 2dLES, 
and 3dLES) for Cases 6c – mediumssteps. All lines are extracted from the data at the center grid 







Figure 3.21: Depth-averaged near-bed (η<=0.12m) dimensionless head vorticity (vort’) averaged 
over steps. (a) Comparisons amongst three numerical models (k-e, 2dLES, and 3dLES) for Cases 
3 – mediumvsteps. (b)  Comparisons amongst three numerical models (k-e, 2dLES, and 3dLES) 
for Cases 6c – mediumssteps. All lines are extracted from the data at the center grid in the 





Figure 3.22: Plots of streamwise distribution of dimensionless bed shear stress τb’ averaged over 
the time the current head passes through, for Cases 3a-c mediumvsteps k-e, 2dLES, and 3dLES. 
All plots were made from the data at the center grid in the spanwise direction. Break points of 




Figure 3.23: Plots of streamwise distribution of dimensionless bed shear stress τb’ averaged over 
the time the current head passes through, for Cases 6a-c mediumssteps k-e, 2dLES, and 3dLES. 
All plots were made from the data at the center grid in the spanwise direction. Break points of 





Figure 3.24: Step-averaged dimensionless bed shear stress of the current head. The left figure 
shows the plot for all vertical step cases and the right figure corresponds to all smooth step cases. 
(a) Comparisons amongst three numerical models (k-e, 2dLES, and 3dLES) for Cases 3 – 
mediumvsteps. (b)  Comparisons amongst three numerical models (k-e, 2dLES, and 3dLES) for 
Cases 6c – mediumssteps. All lines in this figure are extracted from the data at the center grid in 





CHAPTER 4: DISCUSSION 
In this chapter, a connection will be made between the deceleration of the density current 
front, the overall dense fluid transport, and the retention of dense fluid at the density current 
head. Inferences of bedform evolution will be made based on 1) the analysis of deposition 
potential, drawing from the preferential retention of dense fluid at certain places along the 
bedform, and 2) erodibility, with bed shear stress and near-bed vorticity as key parameters. 
Further, an assessment of different numerical models applied in the present study (k-e, 2dLES, 
and 3dLES) will be made to evaluate their robustness in simulating density current evolution, in 
the light of how these models simulate flow eddies differently. 
4.1 FRONT VELOCITY AND DENSE FLUID TRANSPORT 
It is observed that where the front is in the region x’ < 8, the current front travels at a 
constant speed for all cases. After this point, in some cases the front starts to decelerate earlier 
and faster than in others. While the front of the constant slope case always travels faster than the 
other cases, the travel of current front can be largely divided into two groups, with the group of 
vertical step cases decelerating earlier and faster than the other cases. Additionally, the current 
front shows a greater deceleration with larger step sizes, for both vertical and smooth step cases, 
albeit to a much lesser degree than the effect of step geometry (i.e. vertical vs smooth). 
These trends in the deceleration of the current front are clearly linked to the overall 
transport of dense fluid, the amount and rapidity of fluid mixing and the amount of dense fluid 
retained in the head. Once again, the vertical step cases behave distinctly differently than all 
other cases, while cases within each group behave in a similar way. The vertical step cases show 
an overall lower ability to transport dense fluid, with dense fluid accumulating in the leeside of 
the steps, and a lesser amount of dense fluid being retained in the head as the current travels 
downstream. To a much lesser degree, an overall lower ability to transport dense fluid is also 
observed with increasing step sizes. Between the two groups of cases, the divergence of density 
current front position, overall density fluid transport, and dense fluid retained in the head appears 
differently in time and magnitude. On one hand, the divergence of the density current front 




fluid weight center and the percentage of dense fluid retained in the head (~ t’=10, x’=5). On the 
other hand, approaching the downstream numerical domain boundary, a much stronger 
divergence is observed for the dense fluid weight center (weightcx’ ~ 17%) and the percentage of 
dense fluid retained in the head (UCHT’ ~ 50%) than for the density current front position (front 
x’ ~ 10%). 
These results clearly highlight the control on deceleration of the current front exerted by 
step size and shape, resulting from the loss of dense fluid from the current head. The loss of 
dense fluid from the head is clearly correlated to the deceleration of the dense fluid weight 
center. For all cases with different bedforms, the deceleration of the current front, which only 
occurs in the late stage of density current evolution, appears to be strongly correlated with the 
amount of dense fluid retained in the head (UCHT’) near the downstream end of the domain (x’ 
= 8-11). When considering the overall transport and retention of dense fluid in the head, two 
mechanisms are probably at work. First, the deceleration of both the current front and the dense 
fluid weight center result from loss of dense fluid from the head. In this mechanism, while the 
head is constantly losing dense fluid into the tail due to turbulent and molecular diffusion, the 
dense fluid at the tail diffuses further, causing deceleration of the overall dense fluid. Secondly, 
deceleration of dense fluid at the tail causes a more rapid loss of dense fluid at the head, which 
then leads to greater frontal deceleration. In this mechanism, strong turbulent mixing with the 
ambient fluid and shear at the bed cause the head to decelerate more rapidly than the adjacent tail 
body. Some of the dense fluid in the tail catches up with the head and feeds dense fluid back into 
the head. Therefore, the deceleration of dense fluid at the tail will lead to less dense fluid being 
fed back into the head, manifested as a head that loses dense fluid much faster. 
4.2 INTERACTION WITH BED 
Dense fluid retained amongst the steps is clearly indicative of the degree of the current 
front deceleration, loss of dense fluid at the head, and deceleration of the overall dense fluid 
transport. The more dense fluid is trapped amongst the steps, the less efficient the overall dense 
fluid transport becomes, and the less dense fluid at the tail is fed back into the head, thus causing 
the head to lose dense fluid more rapidly. As would be expected, a great amount of dense fluid is 




immediately downstream of the break point of the steps, which appears more significant with 
increasing step sizes. 
According to this analysis, if the density current comprises suspended sediment, which 
would be deposited as the fluid decelerated below a threshold value (e.g. being trapped by steps), 
deposition would be expected to occur where dense fluid is preferentially retained near the bed. 
For vertical step cases, deposition would be expected to occur preferentially immediately 
downstream of the break point of the steps with increasing thickness of deposition approaching 
the break point. With increasing step sizes, this preferential deposition is expected to be more 
significant, due to a stronger preferential dense fluid retention. For smooth step cases, no or little 
preference of deposition is expected to occur. 
In terms of bed shear stress, different patterns are observed for vertical and smooth step 
cases. For vertical step cases, bed shear stress under the current head drops from a high value to 
near zero at the flow separation point. At the flow reattachment point, bed shear stress again 
reaches a maximum, and is of greater magnitude with increasing step size. For smooth step 
cases, bed shear stress becomes lower as it approaches the break point, with this decrease being 
more rapid with increasing step sizes. For the large smooth step case, as opposed to a monotonic 
decrease in bed shear stress approaching the break point as observed in small and medium 
smooth step cases, maximum bed shear stresses appear at xstep ~ 0.3-0.4 (high slope maximum) 
and 0.6-0.7 (immediately downstream maximum) and drops rapidly to <30% of the maximum 
value at the break point (break point minimum). 
If the bed were to be erodible, according to the bed shear stress distributions discussed 
above, for vertical step cases, the bed shear stress would tend to smooth out the sharp edge at the 
top of the break point and create a scour hole at the reattachment point. For small and medium 
smooth step cases bed shear stress would tend to smooth out the step while maintaining the slope 
break at the break point. For the large smooth step case, however, a sharper slope break and an 
upper concave bedform (i.e. a scour hole with a much larger length to depth ratio) immediately 
downstream of the slope break would be expected. 
Near-bed vorticity results from the shear at the bed and flow separation and reattachment, 




point for vertical step cases. Overall, for all cases, near-bed vorticity in the head are at a similar 
level for all areas except those immediately downstream of the break point for the vertical step 
cases. Where flow separation and reattachment are present, near-bed vorticities are significantly 
higher than in areas where flow separation and reattachment are not present (~100 % higher); 
and noticeably but not significantly higher (~ 20% higher at maximum) for larger step sizes. 
From comparison amongst different numerical models, it can also be inferred that vorticity 
caused by shear at the bed near the reattachment point is significantly lower than at other areas. 
This is because in this area a lower deviation in vorticity is observed for k-e cases compared with 
the 2dLES and 3dLES cases, given that vorticity due to shear at the bed is significantly under-
represented with the k-e model. 
The analysis of near-bed vorticity points out a mechanism of scour hole creation in 
regions of flow separation and reattachment, immediately downstream of the break point for 
vertical step cases. For other areas in all cases, no preferential erosion due to vorticity is to be 
expected. 
4.3 EFFECT OF HEAD VS. TAIL 
Overall, while the smooth step geometries seem to be more stable, two opposing trends 
are predicted for the same area for the vertical step cases. For the current head, where flow 
velocity is high and erosion could be expected to occur, scour holes are expected to form 
immediately downstream of the break point due to erosion. For the current tail where dense fluid 
tends to be trapped in regions immediately downstream of the break point, deposition might be 
expected to take place. 
Therefore, in areas immediately downstream of the break point for vertical step cases, the 
density current head tends to create a scour hole, whereas the tail may cause deposition that 
smooths out the slope break. This seems to suggest that different types of flow in nature would 
lead to different bedforms, ranging from steps with deep scour holes to relatively flat bed 
geometries. For flows with relatively high head velocities, relatively sustained heads, and/or 
relatively short tails, as would be more likely to appear in the proximal region of the channel 
mouth, pre-existing steps may be more likely to evolve into deep scour holes. For flows with 




smoothed out. This inference correlates well with the bathymetric depth profile along the 
submarine canyon (Figure 1.2), where scour holes in the more upstream reach are much more 
distinct than that in the more downstream region. 
4.4 COMPARISION BETWEEN NUMERICAL MODELS 
Simulations with different numerical models – k-e, 2dLES, and 3dLES – behave 
differently. For all parameters discussed above, the divergence between k-e and 3dLES models is 
almost always strongest and the lines in the plots (Figure 3.17-3.24) with 3dLES almost always 
fall between that of k-e and 2dLES. The divergence between the three numerical models is most 
significant for vertical step cases, and least significant for smooth step cases. This divergence is 
found to be strongly related to the representation of eddy/vortex generation and dissipation. 
While the k-e model represents eddy generation due to turbulent mixing with ambient fluid and 
shear at the bed rather poorly, the 2dLES model manifests an unphysically poor eddy dissipation. 
This poor eddy dissipation mechanism with 2dLES has the most negative effect when simulating 
the flow mechanisms of the current head for vertical step cases, due to strong vortex generation 
by flow separation and reattachment. For the k-e model, eddies related to turbulent mixing with 
the ambient fluid are better represented with increasing step size for smooth step cases, leading 
to smaller errors. 
Overall, compared with the more realistic 3dLES models, flow eddies are represented too 
strongly by the 2dLES model due to its poor eddy dissipation mechanism, and are represented 
poorly by the k-e model. As a result, diffusion caused by flow turbulence appears to be overly 
strong with the 2dLES model, leading to an overall lower efficiency in dense fluid transport, 
much more rapid loss of dense fluid at the head, more rapid frontal deceleration at a late stage of 
density current evolution, and a larger and longer tail riding higher above the bed. On the 
contrary, weak eddy generation associated with the k-e model causes an overall greater 
efficiency in dense fluid transport, a greater retention of dense fluid at the head, and a smaller 





CHAPTER 5: CONCLUSIONS 
To more fully understand the interaction between density currents and cyclic step 
topographies commonly observed along submarine canyons, a series of depth-resolved numerical 
experiments with a lock-exchange setup were conducted using the k-e, 2dLES, and 3dLES 
numerical models. Comparison was made among runs with the constant slope bed and beds with 
different sizes (small, medium and large) and shapes (vertical and smooth), so as to study the 
time evolution of the current front, the overall dense fluid transport, the retention of dense fluid 
in the density current head as it travels downstream, the distribution of dense fluid trapped 
among the steps, bed shear stress, and flow vorticities. The following can be clearly concluded 
from the present study: 
(1) For cases with vertical step bed geometries as compared to cases with constant slope 
and smooth step bed geometries, the overall dense fluid transport is significantly less efficient 
and the head loses dense fluid much more rapidly downstream. To a much lesser degree, the 
same is true with increasing step size, for both vertical and smooth step geometries. The 
divergence of front velocity only happens at the late stage of current evolution, after the front 
travels about 8 lock lengths downstream of the upstream end of the numerical domain. Although 
this divergence appears much later and is much less in magnitude than the divergence of overall 
dense fluid transport and head dense fluid retention, it clearly reflects the effect of both, showing 
that greater deceleration of the current front is associated with lower efficiency in dense fluid 
transport, and much more rapid loss of dense fluid. 
(2) A distinct pattern of preferential dense fluid retention is observed immediately 
downstream of the break point of steps for vertical step cases, and a greater amount of dense 
fluid is retained with increasing step size. For all other areas with all step geometries, dense fluid 
at the current tail stays at a similar level. 
(3) For vertical step cases, bed shear stress of the current head undergoes a significant 
drop from a high value to near zero at the flow separation point, and reaches another high value 
where flow reattaches to the bed. For smooth step cases, bed shear stress approaches a low value 




(4) Flow vorticities approaches maximum values near the reattachment points for vertical 
step cases. Little deviation in flow vorticities was found near the bed for all areas in the case of 
smooth steps, and for areas except the region immediately downstream of the flow separation 
point for vertical step cases. 
(5) For vertical bed geometries, for dense and fast-moving heads, bed shear stress and 
flow vorticities reach high values at the reattachment point, which would cause erosion if the bed 
were erodible. However, in the case of the slow-moving tail, dense fluid tends to become 
stagnant near this area, which would cause deposition if the density current were made of 
suspended sediment. Therefore, there is expected to be an opposing trend of creation and 
removal of sediment in scour holes along a preexisting “stair-case” shaped erodible bed, for fast- 
and slow-moving regions of turbidity currents. Smooth step geometries, on the other hand, 
appear to be much more stable bedforms. 
(6) Compared with the most realistic 3dLES numerical model, vortex/eddy generation is 
poorly represented with the k-e model, and vortex/eddy dissipation is unphysically weak with the 
2dLES model. As a result, diffusion caused by flow turbulence appears to be overly strong with 
the 2dLES model, leading to an overall less efficiency in dense fluid transport, a much more 
rapid loss of dense fluid at the head, a more rapid front deceleration at the late stage of density 
current evolution, and a larger tail that rides higher above the bed. On the contrary, weak eddy 
generation associated with the k-e model causes an overall greater efficiency in dense fluid 
transport, a better retention of dense fluid at the head, and a smaller tail that more closely hugs 
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APPENDIX A: PARAMETERS 
x, y, z: positions on the Cartesian coordinate in streamwise (positive downstream), spanwise 
(positive to left as looking downflow), and vertical (positive upward) directions, respectively. 
i: in the ith direction. i = 1, 2, 3 correspond to streamwise, spanwise, and vertical directions. 
VF: fractional volume open to flow as rendered by FAVOR™. 
Ai: fractional area open to flow in the ith direction as rendered by FAVOR™. 
xi: position in the ith direction. x1=x, x2 = y, x3 = z. 
ui: flow velocity in the ith direction. u1=u, u2 = v, u3 = w. 
p: pressure. 
gi: gravitational acceleration in the ith direction. gi = (0, 0, 9.81 m/s
2). 
fi: viscous acceleration in the ith direction. 
Sij: strain rate tensor. 
ν: kinematic viscosity. 
νT: kinematic turbulent viscosity. 
ρ: overall fluid density. 
ρ0, ρ1: ambient and dense fluid density. 
c: volume fraction of the dense fluid. 
τb,i: bed shear stress in the ith direction. 
τb: overall bed shear stress. 
xstep: dimensionless streamwise position at each step. 
Frd: densimetric Froude number. 
g’: reduced gravitational acceleration. 
U: depth-averaged streamwise velocity. 
H: flow depth. 
Reb: buoyancy Reynolds number. 
Gr: Grashof number. √𝐺𝑟 = 𝑅𝑒𝑏. 




x0: lock length. 
h0: lock height. 
Δx, Δy, Δz: grid size in the streamwise, spanwise, and vertical directions. 
t: current time of run. 
t’: dimensionless time. 
xi’: dimensionless position in the ith direction. 
τb’: dimensionless bed shear stress. 
vort = vorty: flow vorticity in the spanwise direction. 
vort’: dimensionless flow vorticity in the spanwise direction. 
weightcx: weight center of the dense fluid. 
weightcx’: dimensionless weight center of the dense fluid. 
UCH: depth-integrated discharge of the volume fraction of the dense fluid at a given streamwise 
position at a given time. 
UCHT: the total amount of dense fluid retained the density current head at a given time. 




APPENDIX B: SUPPLEMENTARY FILES 
The supplementary file [Animation 3dLES.mp4] includes an animation of the density 
evolution for Cases 1-7c from t=0 to t=50s, with key annotations. 
The supplementary file [Animation slope.mp4] includes an animation of the density 
evolution for Cases 1a-c from t=0 to t=50s, with key annotations. 
The supplementary file [Animation mediumvsteps.mp4] includes an animation of the 
density evolution for Cases 3a-c from t=0 to t=50s, with key annotations. 
The supplementary file [Animation mediumssteps.mp4] includes an animation of the 




APPENDIX C: FIGURES FOR Cases 1-7a 
 
Figure C.1: Time evolution of fluid density from the start of run to 60s (from left to right), for 
Case 1a – slope k-e, Case 2a – smallvsteps k-e, Case 3a – mediumvsteps k-e, Case 4a – 
largevsteps k-e, Case 5a – smallssteps k-e, Case 6a – mediumssteps k-e and Case 7a – 
largessteps k-e (from bottom to top). All figures show the entire numerical domain in the vertical 
direction, at the center grid in the spanwise direction. Only the figures of the panels denoted 
“50s” and “60s” show the entire domain in the streamwise direction, whereas the other figures 




Figure C.2: Dimensionless streamwise front position – time plots, showing the temporal 
evolution of the current front. (a) Plot for all cases with k-e. (b) A comparison amongst the 
constant slope case and vertical step cases with different step sizes. (c) A comparison amongst 
the slope case and smooth step cases with different step sizes. All lines are extracted from the 




   
Figure C.3: Dimensionless streamwise weight center – time plot, showing the evolution of 
overall transport of dense fluid with time. (a) Plot for all cases with k-e. (b) A comparison 
amongst the slope case and vertical step cases with different step sizes. (c) A comparison 
amongst the slope case and smooth step cases with different step sizes. All lines are extracted 




   
Figure C.4: 𝑈𝐶𝐻𝑇’ – 𝑥’ plot, showing evolution of the percentage of dense fluid retained in the 
head with streamwise distance, i.e. as the current moves downstream. (a) The plot for all cases 
with k-e. (b) A comparison amongst the constant slope case and vertical step cases with different 
step sizes. (c) A comparison amongst the constant slope case and smooth step cases with 





   
Figure C.5: Plots of dense fluid volume fraction 𝑐 averaged over the time after the head passes 
through, until the end of run, for all cases with steps. (a) Case 2a – smallvsteps k-e. (b) Case 3a – 
mediumvsteps k-e. (c) Case 4a – largevsteps k-e. (d) Case 5a – smallssteps k-e. (e) Case 6a – 
mediumssteps k-e. (f) Case 7a – largessteps k-e. Plots were made over the entire domain in the 
vertical direction, the entire domain except the downstream end in streamwise direction (x = -





Figure C.6: Depth-averaged near-bed (η<=0.12m) dense fluid volume fraction (𝑐) of the current 
tail averaged over steps for cases with k-e. (a) Plot for all vertical step cases. (b) Plot for all 
smooth step cases. In these plots, dense fluid volume fraction at each streamwise position for the 
current tail is averaged over all grids at near-bed region vertically, then averaged over the data at 
the same streamwise position within each step (xstep), for a number of steps. For small, medium, 
and large step cases, the number of steps being averaged are 10, 5 and 3, respectively, 
corresponds to x of 0 – 4m, 0 – 4m, and 0 – 3.6m. All plots were made from the data at the 





Figure C.7: Plots of streamwise distribution of dimensionless bed shear stress τb’ averaged over 
the time the current head passes through, for all step cases (Cases 2-7a). (a) Case 2a – 
smallvsteps k-e. (b) Case 3a – mediumvsteps k-e. (c) Case 4a – largevsteps k-e. (d) Case 5a – 
smallssteps k-e. (e) Case 6a – mediumssteps k-e. (f) Case 7a – largessteps k-e. All plots were 
made from the data at the center grid in spanwise direction. The break points of the steps are 
highlighted in dashed green lines. 
 
  
Figure C.8: Step-averaged dimensionless bed shear stress of the current head for cases with k-e. 
(a) Plot for all vertical step cases. (b) Plot for all smooth step cases. In these plots, dimensionless 
shear stress is averaged over the same streamwise position within each step (xstep) for a number 
of steps. For the small, medium, and large step cases, the number of steps being averaged are 10, 
5 and 3, respectively, corresponding to x of 0 – 4m, 0 – 4m, and 0 – 3.6m. All plots were made 





Figure C.9: Plots of vorticity (vort) averaged over the time during which the head passes 
through, until the end of run, for all cases with steps. (a) Case 2a – smallvsteps k-e. (b) Case 3a – 
mediumvsteps k-e. (c) Case 4a – largevsteps k-e. (d) Case 5a – smallssteps k-e. (e) Case 6a – 
mediumssteps k-e. (f) Case 7a – largessteps k-e. Plots were made over the entire domain in the 
vertical direction, the entire domain except the downstream end in streamwise direction (x = -





Figure C.10: Depth-averaged near-bed (η<=0.12m) dimensionless head vorticity (vort’) 
averaged over steps for cases with k-e. (a) Plot for all vertical step cases. (b) Plot for all smooth 
step cases. In these plots, dimensionless vorticity at each streamwise position of the current head 
is averaged over all grids at near-bed region vertically, then averaged over the data at the same 
streamwise position within each step (xstep) for a number of steps. For small, medium, and large 
step cases, the number of steps being averaged are 10, 5, 3, respectively, corresponding to values 
of x of 0 – 4m, 0 – 4m, and 0 – 3.6m. All plots were made from the data at the center grid cell in 




APPENDIX D: FIGURES FOR Cases 1-7b 
 
Figure D.1: Time evolution of fluid density from the start of run to 60s (from left to right), for 
Case 1b – slope 2dLES, Case 2b – smallvsteps 2dLES, Case 3b – mediumvsteps 2dLES, Case 4b 
– largevsteps 2dLES, Case 5b – smallssteps 2dLES, Case 6b – mediumssteps 2dLES and Case 
7b – largessteps 2dLES (from bottom to top). All figures show the entire numerical domain in 
the vertical direction, at the center grid in the spanwise direction. Only the figures of the panels 
denoted “50s” and “60s” show the entire domain in the streamwise direction, whereas the other 
figures only show the upstream portions of the entire domain, depending on the position of the 
current front. 
 
   
Figure D.2: Dimensionless streamwise front position – time plots, showing the temporal 
evolution of the current front. (a) Plot for all cases with 2dLES. (b) A comparison amongst the 
constant slope case and vertical step cases with different step sizes. (c) A comparison amongst 
the slope case and smooth step cases with different step sizes. All lines are extracted from the 




   
Figure D.3: Dimensionless streamwise weight center – time plot, showing the evolution of 
overall transport of dense fluid with time. (a) Plot for all cases with 2dLES. (b) A comparison 
amongst the slope case and vertical step cases with different step sizes. (c) A comparison 
amongst the slope case and smooth step cases with different step sizes. All lines are extracted 
from the data at the center grid in the spanwise direction. 
 
   
Figure D.4: 𝑈𝐶𝐻𝑇’ – 𝑥’ plot, showing evolution of the percentage of dense fluid retained in the 
head with streamwise distance, i.e. as the current moves downstream. (a) The plot for all cases 
with 2dLES. (b) A comparison amongst the constant slope case and vertical step cases with 
different step sizes. (c) A comparison amongst the constant slope case and smooth step cases 
with different step sizes. All lines are extracted from the data at the center grid cell in the 




   
Figure D.5: Plots of dense fluid volume fraction 𝑐 averaged over the time after the head passes 
through, until the end of run, for all cases with steps. (a) Case 2b – smallvsteps 2dLES. (b) Case 
3b – mediumvsteps 2dLES. (c) Case 4b – largevsteps 2dLES. (d) Case 5b – smallssteps 2dLES. 
(e) Case 6b – mediumssteps 2dLES. (f) Case 7b – largessteps 2dLES. Plots were made over the 
entire domain in the vertical direction, the entire domain except the downstream end in 





Figure D.6: Depth-averaged near-bed (η<=0.12m) dense fluid volume fraction (𝑐) of the current 
tail averaged over steps for cases with 2dLES. (a) Plot for all vertical step cases. (b) Plot for all 
smooth step cases. In these plots, dense fluid volume fraction at each streamwise position for the 
current tail is averaged over all grids at near-bed region vertically, then averaged over the data at 
the same streamwise position within each step (xstep), for a number of steps. For small, medium, 
and large step cases, the number of steps being averaged are 10, 5 and 3, respectively, 
corresponds to x of 0 – 4m, 0 – 4m, and 0 – 3.6m. All plots were made from the data at the 





Figure D.7: Plots of streamwise distribution of dimensionless bed shear stress τb’ averaged over 
the time the current head passes through, for all step cases (Cases 2-7b). (a) Case 2b – 
smallvsteps 2dLES. (b) Case 3b – mediumvsteps 2dLES. (c) Case 4b – largevsteps 2dLES. (d) 
Case 5b – smallssteps 2dLES. (e) Case 6b – mediumssteps 2dLES. (f) Case 7b – largessteps 
2dLES. All plots were made from the data at the center grid in spanwise direction. The break 
points of the steps are highlighted in dashed green lines. 
 
  
Figure D.8: Step-averaged dimensionless bed shear stress of the current head for cases with 
2dLES. (a) Plot for all vertical step cases. (b) Plot for all smooth step cases. In these plots, 
dimensionless shear stress is averaged over the same streamwise position within each step 
(xstep) for a number of steps. For the small, medium, and large step cases, the number of steps 
being averaged are 10, 5 and 3, respectively, corresponding to x of 0 – 4m, 0 – 4m, and 0 – 3.6m. 





Figure D.9: Plots of vorticity (vort) averaged over the time during which the head passes 
through, until the end of run, for all cases with steps. (a) Case 2b – smallvsteps 2dLES. (b) Case 
3b – mediumvsteps 2dLES. (c) Case 4b – largevsteps 2dLES. (d) Case 5b – smallssteps 2dLES. 
(e) Case 6b – mediumssteps 2dLES. (f) Case 7b – largessteps 2dLES. Plots were made over the 
entire domain in the vertical direction, the entire domain except the downstream end in 





Figure D.10: Depth-averaged near-bed (η<=0.12m) dimensionless head vorticity (vort’) 
averaged over steps for cases with 2dLES. (a) Plot for all vertical step cases. (b) Plot for all 
smooth step cases. In these plots, dimensionless vorticity at each streamwise position of the 
current head is averaged over all grids at near-bed region vertically, then averaged over the data 
at the same streamwise position within each step (xstep) for a number of steps. For small, 
medium, and large step cases, the number of steps being averaged are 10, 5, 3, respectively, 
corresponding to values of x of 0 – 4m, 0 – 4m, and 0 – 3.6m. All plots were made from the data 
at the center grid cell in the spanwise direction. 
